ABSTRACT A complex of Fusarium spp., including F. pseudograminearum, F. culmorum, F. avenaceum, F. equiseti, and F. acuminatum, was isolated from Þeld-collected larval cadavers of wheat stem sawßy at two locations for 2 yr. The Fusarium spp. isolates caused mortality in both diapausing larvae in a topical bioassay and in developing larvae feeding in infected stems in a greenhouse experiment. Larval mortality was Ͼ90% in both experiments at the highest dose. The pattern of correlation between integument discoloration, hyphal growth, and larval mortality showed that the Fusarium spp. isolates actively infect larvae and kill them, rather than colonizing larval tissue as secondary postmortem invaders. The versatility of Fusarium spp. as plant and insect pathogens enables colonization that results in disease in wheat plants and subsequent mortality of the wheat stem sawßy larvae developing within the same tissue.
mainly wild grasses and cultivated cereals (Ainslie 1920) . Adults emerge from the crop stubble remaining from the previous year over a period usually extending from May to July. Females ßy to nearby wheat plants and lay one or more eggs in the stem lumen. Overall fecundity typically ranges from 30 to 50 eggs per female. The larvae feed on parenchymous and vascular tissues inside wheat stems and overwinter in diapause in the crop residue (Holmes 1982 , Morrill et al. 2000 . The direct economic losses caused by larval feeding are from reduced head weight caused by consumption of vascular and parenchyma tissues while boring through much of the stem interior (Morrill and Kushnak 1996) . A more apparent economic loss is caused by mature stems falling or "lodging," which is caused by stem cutting by the mature larvae. This occurs just before harvest. Annual losses in all sawßy-infested regions in the northern Great Plains of North America have been reported to exceed 100 million dollars (Holmes 1982 , Hartel et al. 2003 , Weaver et al. 2004 ). These losses translate to Ͼ225 million dollars based on current wheat prices, which are approximately twice those reported in earlier citations.
The wheat stem sawßy spends all immature stages within protective wheat stems, which may help to explain the difÞculty in controlling populations. However, we frequently observed fungal-colonized larval cadavers while dissecting Þeld-collected wheat stems and especially in stems showing disease symptoms. A number of Fusarium spp. are known entomopathogens and have been recorded primarily from homopterans and dipterans (Teetor-Barsch and Roberts 1983) . Research in the last decade has shown the potential use of Fusarium spp. in biological control of crop and nuisance pests. For example, F. oxysporum Schltdl. was reported to cause larval mortality of three lepidopteran pests of sugarcane (Varma and Tandan 1996) , whereas F. solani (Martius) Saccardo showed pathogenicity to the land-dwelling leech, Hemadipsa japonica (Hedysarum racemosum Thunb) in Þeld experiments (Sasaki and Tani 1997) and also to sugarbeet root maggot, Tetanops myopaeformis (Rö der) (Majumdar et al. 2008) . F. larvarum Fukel was pathogenic to both the black scale Saissetia oleae Olivier and aphid Schizapis graminum Rondani (Stornelli et al. 1998 , Ganassi et al. 2000 . F. semitectum Berkeley and Ravenel effectiveness against chili thrips, Scirtothrips dorsalis Hood, and broad mite, Polyphagotarsonemus latus (Banks), in chili pepper Capsicum annuum L., crops depends on the speciÞc crop habitat and companion crops (Mikunthan and Manjunatha 2008) .
This study is the Þrst to report Fusarium mycoses of larvae of the wheat stem sawßy. This is particularly interesting because the sawßy larvae are protected from most entomopathogenic microorganisms and other natural enemies by inhabiting the stem lumen. However, phytopathogenic properties of Fusarium spp. enable them to colonize the root and basal stem tissues of growing wheat plants. This also establishes pathogen access to the larvae feeding inside stems. The purpose of these initial studies was to determine the pathogenicity of the Fusarium spp., isolated from larval cadavers of wheat stem sawßy to diapausing and developing larvae under laboratory and greenhouse conditions, respectively.
Materials and Methods
Fusarium Origin and Species Identification. Fungal isolates were obtained from larval cadavers of wheat stem sawßy located inside the basal portion of wheat stems cut by mature larvae. The infested crop stubble was collected in postharvest wheat Þelds in Pondera and Broadwater counties in Montana in the fall of 2001 and 2002. The cut-stems containing larvae in diapause were sorted from other wheat residue by using the presence of characteristic precise uniform cuts and frass plugs at the apices of the cut-stems. The cutstems were dissected in the laboratory with a scalpel to obtain fungal-colonized larval cadavers, which were saved separately in 2-ml disposable sterile centrifuge tubes for subsequent fungal isolation.
The fungal-colonized larval cadavers were individually rinsed with sterile distilled water, surface-sterilized by immersion in 2.0% sodium hypochlorite solution for 3 min, and dried under a Þltered air ßow for 20 min. The larval cadavers were plated on water agar supplemented with 50 g chloramphenicol/ml. After a 3-d incubation at 23ЊC, a mycelial tip from each fungal isolate growing out of the larval cadavers was transferred to a potato dextrose agar (PDA) slant for preliminary identiÞcation to genus (Barnett and Hunter 1972) . Isolates of Fusarium spp. were prepared using single conidia techniques on PDA and carnation leaf agar slants (Nelson et al. 1983) . culmorum, F. pseudograminearum, F. avenaecum, F. equiseti, and F. acuminatum were rejuvenated on PDA slants at 23ЊC for 3 d. A hyphal tip was used to inoculate a 100-ml Erlenmeyer ßask containing 20 ml Czapek-Dox broth (with 0.1 g yeast extract and 0.01 g chloramphenicol). The culture was incubated at 21Ð24ЊC and 80 rpm for 14 d on an orbital shaker before conidia were harvested. The conidia and media were Þltered twice through four layers of cheese cloth to remove hyphae. The conidia in the resulting Þltered suspension were concentrated twice using a desktop centrifuge at 2.8 ϫ 10 3 rpm for 10 min. The target conidial concentration and subsequent dilutions were prepared with aqueous sterile 0.05% Tween 20 using a hemocytometer under the microscope. The viability of the conidia from each isolate was determined by delivering 10 l of solution containing 1.5 ϫ 10 4 conidia/ml onto a 9-cm-diameter petri dish with PDA media and counting the fungal colony forming units (CFU) using a microscope after incubation in the dark at 23ЊC for 2 d.
Topical Bioassay. Diapausing larvae used in topical bioassays were obtained from Þeld-collected cutstems near Willow Creek in Broadwater County, MT, in October of 2002. The cut-stems containing larvae were kept in the refrigerator at 4ЊC for 4 mo before they were individually dissected in the laboratory to obtain diapausing larvae, and only healthy larvae showing no disease symptoms were chosen for the larval bioassay. The larvae were surface sterilized by immersion in 1.2% sodium hypochlorite solution for 3 min and dried under a Þltered air ßow for 20 min. Each larva was treated individually with a speciÞc conidial concentration, ranging from 1 ϫ 10 4 to 1 ϫ 10 8 conidia/ml, by topically applying a 10-l conidial solution to the notum with a 50-l micropipette for each fungal treatment. Larvae were treated with 10 l of sterile 0.05% Tween 20 as a control. Treated larvae were transferred to 9-cm-diameter petri dishes lined with moist Þlter paper; the petri dishes were sealed using paraÞlm and kept at 23ЊC for 13 d under a 12:12 (L:D) photoperiod. The experimental design was a randomized complete block design with Þve replicates, and each replicate consisted of Þve larvae in one petri dish. The symptoms of mycosis, including integumental discoloration, growth of hyphae, and larval mortality were recorded every 2 d, and dead larvae were removed and incubated at 100% humidity to verify infection by the tested Fusarium spp. isolates. Because the occurrence of mycosis symptoms was relatively rare for the Þrst 2 d, larval mycosis data after the third day were reported and analyzed. Greenhouse Experiment. All isolates described above, including F. culmorum, F. pseudograminearum, F. avenaceum, F. equiseti, and F. acuminatum, were rejuvenated on PDA slants at 23ЊC for 7 d. Inoculum was prepared according to the method described by Grey and Mathre (1987) . Aerial mycelia were harvested by superÞcially scraping them from the culture surface with a scalpel and used to inoculate autoclaved oat kernels under sterile conditions. The cultures were incubated for 3 wk at 23ЊC. Colonized oat kernels were transferred to a screen-bottomed tray and air-dried in a ventilated hood for 3 d before sieving through 6.4-mm mesh to obtain uniform-sized inoculum for the greenhouse experiment (Mathre and Johnston 1975) .
The greenhouse experiment was conducted in the Plant Growth Center at Montana State University in the summer of 2002. The spring wheat ÔMcNealÕ was grown in 10-cm-diameter pots containing a mixture of ÔSunshineÕ soil mix and sand (1:1) (Macedo et al. 2006) . For each fungal treatment, wheat plants were treated with the Fusarium spp. isolates by adding 1.4 g of inoculum evenly to the surface of soil pots at seeding. Uninoculated plants served as controls. Plants were watered regularly and fertilized twice per week with a 100 g/ml mix of N:P:K (Peters 20 Ð20-20 General). Greenhouse conditions were maintained at 21 Ϯ 1ЊC under a photoperiod of 14:10 (L:D) at 40 Ð50% RH for the duration of the study.
The experimental design was completely randomized with six replicates per treatment, and the experiment was replicated three times. For each treatment, wheat plants at developmental stages of Zadoks 32Ð33 (Zadoks et al. 1974) were caged with 25 female and 10 male sawßy adults, reared from Þeld-collected cutstems in the laboratory, by covering the plants with a 530-m-diameter mesh enclosure (60 by 20 by 60 cm). The adults could mate and oviposit freely in the cages for 7 d to facilitate adequate levels of infestation, after which the cages were removed. The wheat plants in each treatment were removed from the pots and dissected in the laboratory on the 56th and 76th day after infestation. Larval mortality for each treatment was determined by counting the number of cadavers and healthy larvae in the wheat stems during dissection. Infection of the larvae by the Fusarium spp. isolates was assessed by the presence of typically pink, tan, or white mycelia on the surface of the cadavers and was conÞrmed by subsequent reisolation of the colonizing Fusarium species from 10 randomly selected wheat stems and 10 randomly selected larval cadavers for each treatment.
Statistical Analyses. Lethal time to cause 50% mortality of diapausing larvae (LT 50 ) at the three higher concentrations (1.5 ϫ 10 6 , 1.5 ϫ 10 7 , and 1.5 ϫ 10 8 conidia/ml) in the topical bioassay was determined using a probit procedure for correlated data that provides conÞdence limits on estimated LT 50 values calculated from the Þtted regression line (Throne et al. 1995b ). The mortality data were Þt to six models using probit, logit, and complimentary log-log transformations that were regressed against both time and logtime. The probability of dying was plotted using a backtransformation of the most explanatory models that were determined by using the 2 goodness-of-Þt (Throne et al. 1995a ). For each treatment, the transformation giving the best overall Þt for the tested conidial concentrations was used. Larval mortality data for the two lower concentrations (1.5 ϫ 10 4 and 1.5 ϫ 10 5 conidia/ml) were not analyzed because they Þt the various models poorly, which resulted in undeÞned conÞdence intervals associated with the 2 values that were not signiÞcant. Data on the progression of larval mycosis for the highest conidial concentration (1.5 ϫ 10 8 conidia/ml), including discoloration of the integument, growth of hyphae, and larval mortality, were also analyzed and backtransformed using probit analysis and the predicted curves were plotted. Lethal dosage to cause 50% mortality of diapausing larvae (LD 50 ) on the ninth day after treatment in the topical bioassay was analyzed using the probit analysis in SAS (PROC PROBIT; SAS Institute 2001). All data were corrected for mortality in the control during analysis. Arcsine square-root transformations were performed on all percentage data for larval mortality in the greenhouse experiment before a mixed model analysis of variance (ANOVA; PROC MIXED; SAS Institute 2001). Multiple comparisons were made between treatments by separating means using the Fisher least signiÞcance difference (LSD) at ␣ ϭ 0.05.
Results

Fusarium
Origin and Species Identification. The number of fungal colonized larval cadavers collected from thousands of larval cut-stems and the frequency of occurrence for speciÞc fungal species for both years is shown in Table 1 . All isolated members of the genus Fusarium were collected for 2 yr, except for F. acuminatum, which was found in 2001 only. F. culmorum was the most commonly occurring species, and the percentage of the overall colonization of the cadavers was 58.1%. All other Fusarium spp. together represented a smaller proportion of the overall colonization across the 2 yr of this study.
Topical Bioassay. All tested isolates were at least mildly pathogenic to diapausing larvae exposed to conidial solutions at concentrations ranging from 1.5 ϫ 10 4 to 1.5 ϫ 10 8 conidia/ml in topical bioassays, and larval mortality was concentration and time dependent (Fig. 1) . Larval mortality increased steadily for all treatments after the 3rd day, and the cumulative mortality on the 13th day after treatment ranged from 40 to 90%, as the concentrations of conidial suspension increased. The cumulative larval mortality in the controls was usually low compared with the corresponding Fusarium treatments and ranged between 0 and 30.0% on the 13th d after treatment (Fig. 1) . The LD 50 values ranged from 6.7 ϫ 10 3 through 5.1 ϫ 10 7 conidia on the ninth day after treatment, when larval mortality in the control was minimal (Table 2; Fig. 1 ). Based on the LD 50 values, F. culmorum and F. avenaceum had greater virulence to diapausing larvae than the other species on the ninth day after treatment. The mean conidial viability for F. culmorum, F. pseudograminearum, F. avenaceum, F. acuminatum, and F. equiseti was, respectively, 77, 49, 57, 100 , and 61% in this study. The LT 50 values indicated increasing pathogenicity with the increased conidial concentration for the tested isolates (Table 3 ). In the regression analysis, the LT 50 values increased from 6.3 through 22.1 d across all species when the concentrations decreased from 1.5 ϫ 10 8 to 1.5 ϫ 10 6 conidia/ml (Table 3) . For the tested isolates, the percent probability of integument discoloration, larval mortality, and hyphal growth also increased with days passed after treatment and plots of the backtransformed regression lines display the differing patterns (Fig. 2) . Integument discoloration always occurred before hyphal growth for all isolates, whereas the interval between integument discoloration and hyphal growth was much smaller for F. pseudograminearum and F. acuminatum compared with F. culmorum, F. avenaceum, and F. equiseti (Fig.  2 ). There were stronger correlations between integument discoloration and larval mortality for F. culmorum and F. avenaceum than for F. pseudograminearum, F. equiseti, and F. acuminatum. Overall symptoms of mycosis in these diapausing larvae, considering integument discoloration, hyphal growth, and larval mor- Fig. 1 . Trends in mean mortality of diapausing sawßy larvae after exposure to conidial solutions of the Fusarium spp. isolates at concentrations ranging from 1.5 ϫ 10 4 to 1.5 ϫ 10 8 conidia/ml in topical bioassays. (A) F. culmorum, (B) F. pseudograminearum, (C) F. avenaceum, (D) F. equiseti, and (E) F. acuminatum. F, 1.5 ϫ 10 8 conidia/ml; E, 1.5 ϫ 10 7 conidia/ml; OE, 1.5 ϫ 10 6 conidia/ml; ‚, 1.5 ϫ 10 5 conidia/ml; f, 1.5 ϫ 10 4 conidia/ml; Ⅺ, control. (Fig. 2) . Greenhouse Experiment. There was no signiÞcant effect of experimental replicate in these experiments, so for the pooled data, all tested Fusarium isolates showed signiÞcant pathogenicity to larvae developing inside wheat stems. This occurred at two plant growth stages, with signiÞcant differences among the treatments evident on both the 56th (F ϭ 9.88; df ϭ 4,9; P ϭ 0.004) and 76th day (F ϭ 17.39; df ϭ 5,11; P Ͻ 0.001) after sawßy infestation (Table 4) . Mean larval mortality in the fungal treatments was signiÞcantly greater than in controls for both sampling events. F. pseudograminearum and F. culmorum caused greater mortality in growing larvae, whereas mortality among the F. avenaceum, F. equiseti, and F. acuminatum treatments was lower and relatively consistent across the three species. The tested species were reisolated from the wheat tissue and the larval cadavers. A signiÞcant difference in the percentage of Fusarium recovered among the fungal isolates was evident for both plants (F ϭ 60.63; df ϭ 5,11; P Ͻ 0.001) and cadavers (F ϭ 78.88; df ϭ 5,11; P Ͻ 0.001; Table 4 ). Reisolation was Ͼ50% from plant tissues in all fungal treatments. Reisolation from larval cadavers was Ͼ80% for F. pseudograminearum, F. culmorum, and F. avenaceum treatments but was Ͻ40% for F. equiseti and F. acuminatum (Table 4 ). None of the tested isolates were recovered from either plant tissues or larval cadavers in the controls.
Discussion
All fungal species isolated from the larval sawßy cadavers belong to the genus Fusarium, and these species are closely associated with small grains (Marasas et al. 1984) . F. culmorum and F. pseudograminearum are well-known causal agents of wheat crown rot and most commonly occur in crops in temperate regions (Cook 1980) . F. avenaceum is also commonly found in temperate regions but only affects wheat in later growth stages and causes less damage than F. culmorum and F. pseudograminearum (Burgess 1981) . F. acuminatum and F. equiseti occur as weak pathogens and also as saprophytes in wheat in North America, but both species are usually associated with dead and dying plant tissue as secondary invaders (Marasas et al. 1984) .
Because plant pathology and entomology have been traditionally pursued as independent disciplines, the dual roles as plant and insect pathogens in certain Fusarium spp. has not been widely studied. One of the four main groups in the genus Fusarium are insect pathogens, and some Fusarium spp. have been reported to bridge both phytopathogenic and entomopathogenic groups (Booth 1971) . Fusarium spp. reported in this study have also been reported as occurring in other arthropods, including cloverleaf weevil Hypera punctata Fabricius, two-striped grasshopper Melanoplus bivittatus (Say), clear-winged grasshopper Camnula pellucida (Scudder), the cereal leaf beetle Oulema gallaeciana (Heyden), the spruce budworm Choristoneura fumiferana (Clemens), and ticks Ixodes ricinus (Gordon 1959 , Samsinakova et al. 1974 , Miczulski and Machowicz-Stefaniak 1977 , Strongman et al. 1988 .
Our study showed that these Fusarium spp. cause lethal mycoses of sawßy larvae, although they can probably also colonize insect tissue as secondary, postmortem invaders. Treatment of larvae in diapause caused patterns in the symptoms of mycosis, including integument discoloration and hyphal growth, with subsequent larval mortality that differed across the tested isolates. The rate of mortality for each Fusarium treatment was dose and time dependent, with the isolates also exhibiting differing colonization characteristics in the diapausing larvae. This may be related to either the aggressiveness of the colonization or the route of infection in these species (Teetor-Barsch and Roberts 1983) . For example, there were strong correlations between integument discoloration and larval mortality for the F. culmorum and F. avenaceum. Progression of Fusarium mycoses has been studied by quantifying visible changes on the body surface of infected hosts, and these visible changes provide more information about pathogenicity of the species (Lightner and Fontaine 1974, Ganassi et al. 2000) . Moreover, (Varma and Tandan 1996) . The diapausing sawßies used in the topical bioassay were fourthinstar larvae whose metabolism is very slow during bioassay. In addition, the integument of diapausing insect larvae typically becomes harder and thicker, and fatty acids in the epicuticle inhibit fungal invasion (Tanada and Kaya 1993) . Therefore, the length of time for lethal mycosis development in diapausing larvae could be longer than that for larvae earlier in development. The plasticity of Fusarium spp. acting as both plant pathogens and insect pathogens seems to facilitate the colonization of both wheat plants, and subsequently, the sawßy larvae inside stems in the greenhouse experiment. This versatility in the tested Fusarium spp. was further supported by the recovery of test isolates from both plant tissues and sawßy larval cadavers. Similar patterns of pathogenicity to sawßy larvae among the Fusarium spp. was shown in both the greenhouse experiment and in topical bioassays and could be related to the relative aggressiveness of colonization by the tested fungal species. For example, the F. pseudograminearum and F. culmorum caused greater larval mortality than the F. acuminatum in both experiments, whereas the decreased larval mortality might possibly be attributed to the reported weakness of F. acuminatum as a plant pathogen compared with F. pseudograminearum and F. culmorum (Xue et al. 2004 ). In addition, Fusarium spp. can produce mycotoxins that can be active against both plants and insects (Diener et al. 1987, Abbas and Mulrooney 1994) . Deoxynivalenol has been detected in plant tissues colonized by Fusarium spp. (Reid et al. 1996 ) and might cause mortality or sublethal effects in growing larvae in wheat crops in the Þeld. This will be studied further.
In summary, a complex of Fusarium spp., including F. pseudograminearum, F. culmorum, F. avenaecum, F. equiseti, and F. acuminatum , were isolated from Þeld-collected wheat stem sawßy larval cadavers for 2 yr. All isolated Fusarium spp. were generally known to cause plant disease, but their roles as larval pathogens via topical bioassay and through exposure while feeding within a protective stem in a greenhouse experiment have not been previously described. Tested isolates caused high levels of mortality in both types of assays, and the patterns in the symptoms of mycoses support that these isolates are causative agents of disease and mortality, not only postmortem colonizers. This is because of plasticity in the Fusarium spp. as plant and insect pathogens, enabling infection and establishment in wheat plants, followed by colonization of the sawßy larvae within the stems. It is not realistic to consider that some of these highly plant pathogenic fungi would be deployed for wheat stem sawßy management. However, given their endemic nature, occasional postharvest disease outbreaks could locally impact the insect populations. In addition, exploration of other less plant pathogenic, or possibly, solely entomopathogenic Fusarium spp. as candidate biocontrol agents seems warranted. Further study of the potential role of Fusarium spp. in wheat stem sawßy populations is crucial to the development of integrated management of this insect pest in the northern Great Plains.
